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Behavioral/Cognitive

Physical Exercise Prevents Stress-Induced Activation of
Granule Neurons and Enhances Local Inhibitory
Mechanisms in the Dentate Gyrus

Timothy J. Schoenfeld, Pedro Rada, Pedro R. Pieruzzini, Brian Hsueh, and Elizabeth Gould

Department of Psychology, Neuroscience Institute, Princeton University, Princeton, New Jersey 08544

Physical exercise is known to reduce anxiety. The ventral hippocampus has been linked to anxiety regulation but the effects of running on
this subregion of the hippocampus have been incompletely explored. Here, we investigated the effects of cold water stress on the
hippocampus of sedentary and runner mice and found that while stress increases expression of the protein products of the immediate
early genes c-fos and arc in new and mature granule neurons in sedentary mice, it has no such effect in runners. We further showed that
running enhances local inhibitory mechanisms in the hippocampus, including increases in stress-induced activation of hippocampal
interneurons, expression of vesicular GABA transporter (vGAT), and extracellular GABA release during cold water swim stress. Finally,
blocking GABAA receptors in the ventral hippocampus, but not the dorsal hippocampus, with the antagonist bicuculline, reverses the
anxiolytic effect of running. Together, these results suggest that running improves anxiety regulation by engaging local inhibitory

mechanisms in the ventral hippocampus.

Introduction

Long-term physical exercise is anxiolytic for rodents and humans
(Duman et al., 2008; Herring et al., 2010). Reduced anxiety fol-
lowing exercise may be the result of changes in the hippocampus,
a highly plastic brain region implicated in anxiety regulation
(Bannerman et al., 2004; Fanselow and Dong, 2010; Leuner and
Gould, 2010). In adult rodents, running increases the number of
new excitatory neurons in the dentate gyrus (van Praag et al,,
1999; Olson et al., 2006; Stranahan et al., 2006; Ables et al., 2010).
Running also stimulates the production of more dendritic spines,
primary sites of excitatory synapses, on excitatory neurons
throughout the hippocampal circuitry (Redila and Christie, 2006;
Stranahan et al., 2007; Leuner and Gould, 2010).

The ventral hippocampus of rodents has been implicated in
emotional processing, such as stress and anxiety regulation
(Bannerman et al., 2004; Fanselow and Dong, 2010; Snyder et al.,
2011). Lesions of the ventral hippocampus decrease anxiety-like
behavior on a number of tasks (Bannerman et al., 2004; Fanselow
and Dong, 2010). Conversely, increased activity in the ventral
hippocampus correlates positively with anxious behavior
(Adhikari et al., 2010, 2011). These results raise the question of
how running-induced increases in the numbers of excitatory
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neurons and excitatory connections in the ventral hippocampus,
a region that is potentially anxiogenic, can co-occur with de-
creased anxiety? One possibility is that the hippocampus of run-
ners has an entirely different response to stress than the
hippocampus of sedentary animals, one that involves dampening
activity of excitatory neurons. A previous study showing that
physical exercise alters GABAA receptor expression in the dentate
gyrus (Hill et al., 2010) raises the possibility that local inhibitory
mechanisms may be affected by running but no studies have yet
investigated the stress response of GABAergic measures in the den-
tate gyrus of runners. To investigate whether running changes the
activation of the hippocampus in response to an anxiety-provoking
stimulus, we examined whether sedentary and runner adult male
mice differ in the expression of the protein products of the immedi-
ate early genes (IEG) c-fos and arc, indirect markers of neuronal
activation (Luckman et al., 1994; Guzowski et al., 2006), by new and
mature granule cells in response to cold water swim stress. To exam-
ine whether running changes local inhibitory activation to a stressor,
we measured stress-induced expression of immediate early genes by
inhibitory interneurons, stress-induced GABA release, as well as the
expression of vesicular GABA transporter (vGAT) in the hippocam-
pus. Finally, we attempted to reverse the anxiolytic action of running
by blocking GABAA receptors in the ventral hippocampus.

Materials and Methods

Adult male C57BL/6 mice (6 weeks of age) were group housed, provided
food and water ad libitum, and maintained on a 12 h light/dark cycle.
Runners had ad libitum access to an external running wheel (Lafayette
Instruments). All experiments were performed in compliance with the
Princeton University Institutional Animal Care and Use Committee and
the NRC Guide for the Care and Use of Laboratory Animals.
Immediate early gene expression in new and mature granule cells of the
dentate gyrus. To label new neurons, mice were injected intraperitoneally
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with bromodeoxyuridine (BrdU; 50 mg/kg) daily for the first 2 weeks of
6 weeks of running or sedentary living. This BrdU injection regimen is
sufficient to label a large number of new cells and to allow their differen-
tiation into mature neurons (Snyder et al., 2009a). Because running itself
has been shown to increase IEG expression in the hippocampus (Oladehin
and Waters, 2001; Clark et al., 2011), we locked the running wheels 24 h
before cold water swim to separate the effects of acute running from
those of stress. To test the effects of stress on IEG activation, mice were
subjected to cold water swim stress or no stress for 5 min. Cold water
swim stress was selected as a stressor because it produces a robust increase
in corticosterone levels and is an ethologically relevant stressor (DeVries
et al., 1997; Drazen et al., 2001; Lafrance et al., 2010). After a 30 min
poststress interval, the mice were deeply anesthetized with sodium pen-
tobarbital and transcardially perfused with 4% paraformaldehyde in 0.1
M phosphate buffer. The survival time of 30 min after stressor exposure
was selected to maximize IEG expression in hippocampal excitatory neu-
rons (Peng and Houser, 2005).

Immediate early gene expression in GABAergic interneurons of the den-
tate gyrus. To test whether GABAergic interneurons are differentially
affected by cold water swim stress in runners compared with sedentary
mice, IEG expression was examined in mice exposed to a running wheel
or sedentary living for 6 weeks. After a 24 h break from running, mice
were subjected to cold water swim stress or no stress for 5 min as de-
scribed above. A 2 h poststress survival period was used for this experi-
ment to maximize IEG expression in inhibitory neurons (Peng and
Houser, 2005). After this time, mice were perfused as described above
and their brains were processed for markers of inhibitory interneurons—
GADG67, a global marker of GABAergic cells, or parvalbumin (PV), a
marker of basket cells and chandelier cells, interneurons known to exert
a profound inhibitory influence over granule cells, combined with c-fos.
Previous studies (Vazdarjanova et al., 2006; Mainardi et al., 2009) as well
as our preliminary data have shown that inhibitory interneurons do not
express arc, so only c-fos was used for this experiment.

Extracellular GABA release in the ventral hippocampus. To test whether
runners and sedentary mice differ in stress-induced release of GABA in
the ventral hippocampus, chronic guide shafts were implanted in the
ventral hippocampus of mice as described below before 6 weeks of run-
ning or sedentary living. Extracellular microdialysis samples were ob-
tained (Rada et al., 2010) before, during, and after cold water swim stress
at 30 s intervals. These samples were analyzed for GABA content using
micellar electrokinetic chromatography (MEKC) (Skirzewski et al.,
2011) as described below.

Anxiety-like behavior. To determine whether blockade of GABAA re-
ceptors, an abundant GABA receptor in the hippocampus (Atack, 2011),
can eliminate the anxiolytic action of running, runner and sedentary
mice were subjected to implantation of cannulae in the ventral hip-
pocampus after 3 weeks of running. After 1 week of recovery from sur-
gery, the GABAA receptor antagonist bicuculline or vehicle was infused
directly into the ventral hippocampus. Ten minutes following injection,
mice were tested on the elevated plus maze as described below (Cornélio
and Nunes-de-Souza, 2007; Rezvanfard et al., 2009). A shorter period of
running was used for this study because 3 weeks of running was sufficient
to produce an anxiolytic response comparable in magnitude to that of 6
weeks of running. For comparison purposes, a similar experiment was
conducted involving infusions of bicuculline or vehicle into the dorsal
hippocampus after 3 weeks of running. It should be noted that, unlike the
experiments included in this report, our pilot studies included bicucull-
ine infusions into the hippocampus of sedentary mice. Many of the sed-
entary mice in our pilot studies had obvious seizures after bicuculline
infusion while none of the runner mice showed this effect. Because we
could not assess anxiety-like behavior in mice with seizures, we did not
include bicuculline infused sedentary groups in our subsequent studies.
Bicuculline has been shown to induce seizures (Freund et al., 1987) in
control (sedentary) mice and our data raise the possibility that running
increases the seizure threshold in the hippocampus.

Behavioral manipulations and measures. For cold water swim stress,
mice were placed in rectangular containers (20 X 20 X 20 cm) filled with
ice water (~5°C) for 5 min. After 5 min, mice were taken out of the cold
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water, dried with paper towel, and returned to their home cage until
perfusion.

For anxiety testing at 3 and 6 weeks after running, the elevated plus-
maze, a common test of anxiety-like behavior in rodents, was used
(Lister, 1987; Walf and Frye, 2007). Mice were placed on an elevated (50
cm) plus-shaped track. Two of the arms had high walls (30 cm) while the
other two arms and central intersection were open. All arms were 50 cm
in length, dimly lit by reflected light. Exploratory behavior was measured
for 5 min and analyzed. Number of entries into the open and closed arms,
and time spent in the open arms were measured for each mouse. Because
the open arms are more exposed to the light and open air, more time
spentin the open arms is considered a measure of reduced anxiety (Heldt
et al., 2012; O’Leary et al., 2013; Pritchard et al., 2013; Zheng and
Rinaman, 2013). Total entries into both closed and open arms are con-
sidered a measure of locomotion (File and Aranko, 1988; Clénet et al.,
2006; Hayase, 2013).

Craniotomy. Mice were anesthetized with ketamine/xylazine, shaved
and placed in a stereotaxic instrument (David Kopf Instruments). Can-
nulae were implanted using the following coordinates: for ventral hip-
pocampus, 3.16 mm posterior from bregma, 3.0 mm lateral to midline,
and 4.2 ventral from the dura; for dorsal hippocampus, 2.0 mm posterior
from bregma, =2.0 mm lateral to midline, and 1.5 ventral from the dura
(Adhikari et al., 2010). Bilateral cannulae were inserted at depths of 0.5 mm
ventral to dura in an effort to prevent excessive damage and injector needles
were lowered the remaining depth during microinfusion. Surgical screws
were inserted in the skull around the guide cannulae, and the cannulae (26
ga, 5 mm pedestal, 3 mm tubing length; Plastics One) were lowered into
place. Dental acrylic was applied to stabilize and seal the wound and dummy
caps (Plastics One) were used to block cannulae from clogging.

Drug preparation and microinfusion. Bicuculline (National Cancer In-
stitute; #32192/2),a GABAA receptor antagonist (Curtis etal., 1970), was
dissolved in 0.1 M HCl:saline, and titrated with 0.1 M NaOH:saline until a
pH of 5.6 was achieved (de Feo et al., 1985), then diluted with saline until
the concentration was 1 mg/ml. Mice were manually restrained and ve-
hicle or bicuculline was injected using a Hamilton syringe through guide
cannulae with internal injectors (33 ga, Plastics One) at a rate of 0.5
l/min for 1 min for a total volume of 1 ul per brain. After the experi-
ment was over, mice were perfused and cannulae placement was verified.

Microdialysis. Mice were anesthetized and a guide shaft was implanted
aimed at the ventral hippocampus (coordinates: 3.16 mm posterior from
bregma, 3.0 mm lateral to midline, and 4.2 mm ventral from the dura).
Concentric microdialysis probes were constructed in the laboratory as
previously described (Rada et al., 2010). Mice had probes lowered
through the guide shaft into the ventral hippocampus and fixed in place
14 h before experimentation. Probes were perfused with a modified
Ringer’s solution (136.0 mm NaCL, 3.7 mm KCl, 1.2 mm CaCl,, 1.0 mm
MgCl,, and 10.0 mm NaHCOj; at pH 7.4) at a flow rate of 1 ul/min. Each
sample was collected during 30 s, taking 3 samples before the stressor
(baseline) followed by 3 samples throughout the stressor, and 5 samples
after the end of stressor. Microdialysis samples were analyzed using
MEKC (Radaetal., 1999; Skirzewski et al., 2011). Samples were prepared
by mixing a 66 uM solution of fluorescein (Sigma) in 20 mm carbonate
buffer at pH 9.4 with a 2.5 mm solution of fluorescein isothiocyanate
isomer-I (FITC) (Sigma) in acetone in a 1:1 (v/v) ratio. The samples
reacted overnight (16 h) in dark at room temperature and in a water
saturated chamber to avoid evaporation. Ten microliters of derivatizing
solution were mixed with 1 ml of a 9.7 mm GABA solution to react
overnight. We used a Meridialysis capillary zone electrophoresis system
(Model R2D2, Mérida) equipped with an argon laser (20 mW) (Om-
nichrom) tuned to 488 nm. A fiber optic conducted the laser beam onto
a dichroic mirror centered at 510 nm and focused on the window of a
capillary (Polymicro Technologies) by a 0.85-numeric aperture objec-
tive. The window was made by burning out the polyimide coating at 35
cm from the anodic end of a 45 cm long capillary, with a 26 wm internal
diameter and 358 of outside diameter, fused-silica capillary. The fluores-
cence was captured through the objective and focused on a multialkali
photomultiplier tube.

The running buffer was a 40 mm borate buffer with 20 mm SDS. The
sample was loaded at the anodic end by a negative pressure (12 p.s.i. for
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0.5 s) applied at the cathodic end of the capillary. Electrophoretic sepa-
ration was obtained by applying 28 kV between the anode and cathode
for 25 min. Before each run, the capillary was rinsed with 1 m NaOH for
5 min followed by water for 5 min and running buffer for 5 min. Data
were normalized as the percentage of baseline. After the experiment was
over, mice were perfused and the brains examined for probe placement.

Immunohistochemistry. Coronal sections (1:8) were cut at 40 wm
throughout the entire hippocampus with a Vibratome. For BrdU perox-
idase staining, sections were mounted onto slides and allowed to dry
overnight. Sections were pretreated by heating in 0.1 M citric acid, pH 6.0.
Slides were rinsed with PBS, digested in trypsin for 10 min, rinsed, dena-
tured in 2N HCIL:PBS for 30 min, rinsed, incubated with mouse anti-
BrdU antibody (1:250 with 10% Tween 20; BD Bioscience), and stored at
4°C. The following day, slides were rinsed with PBS, incubated in biotin-
ylated horse anti-mouse (1:200; Vector) for 60 min, rinsed, incubated in
avidin-biotin complex for 60 min, rinsed, and reacted with diaminoben-
zidine (DAB) for 6 min.

For c-fos and arc protein peroxidase immunostaining, free-floating
sections were rinsed in PBS, incubated in 0.3% H,0, in absolute meth-
anol for 20 min to block endogenous peroxidase activity, rinsed, incu-
bated in 3% normal goat serum (Vector) to prevent nonspecific binding,
transferred directly into rabbit anti-c-fos (1:1000; Santa Cruz Biotech-
nology) or rabbit anti-arc (1:1000; Synaptic Systems) antibody and
stored at 4°C. Two days later, tissue was rinsed, incubated in biotinylated
goat anti-rabbit (1:200; Vector) for 60 min, rinsed, incubated in avidin-
biotin complex for 60 min, rinsed, and reacted with DAB for 10 min.
Tissue was mounted to suprafrost slides and allowed to dry for a mini-
mum of 2 h. All peroxidase tissue was counterstained with 0.5% cresyl
violet and coverslipped under Permount (Fisher Scientific).

For combined BrdU-IEG immunofluorescence, free-floating sections
were rinsed in 0.1 M TBS, pH 7.5, denatured in 2N HCL:TBS for 30 min,
rinsed, and incubated with rat anti-BrdU (1:200 with 0.5% Tween 20;
Accurate Chemical) plus rabbit anti-c-fos (1:200; Santa Cruz Biotechnol-
ogy) or rabbit anti-arc (1:1000; Synaptic Systems) and stored at 4°C.
Three days later, sections were rinsed, incubated in biotinylated goat
anti-rat (1:250; Millipore Bioscience Research Reagents) for 90 min,
rinsed, and incubated in streptavidin-conjugated Alexa 568 (1:1000; In-
vitrogen) to visualize BrdU and goat anti-rabbit Alexa 488 (1:500; Invit-
rogen) to visualize c-fos and arc, in the dark for 60 min. Sections were
rinsed and mounted onto suprafrost slides, and coverslipped using glyc-
erol in TBS (3:1). Slides were kept in dark at 4°C until microscopic
analyses.

For interneuron-IEG immunofluorescence, free-floating sections
were rinsed in 0.1 m TBS, pH 7.5, and incubated with mouse anti-PV
(1:1000, Sigma) or mouse anti-GAD67 (1:2000; Millipore) plus rabbit
anti-c-fos (1:200 with 0.5% Tween 20;Santa Cruz Biotechnology), and
stored at 4°C. Arc was not used because inhibitory interneurons in the
hippocampus do not express this immediate early gene (Vazdarjanova et
al., 2006; Mainardi et al., 2009). Two days later, sections were rinsed,
incubated in goat anti-mouse Alexa 568 (1:500; Invitrogen) to visualize
interneurons and goat anti-rabbit Alexa 488 (1:500; Invitrogen) to visu-
alize c-fos, in the dark for 60 min. Sections were rinsed and mounted
onto suprafrost slides, and coverslipped using glycerol in TBS (3:1).
Slides were kept in dark at 4°C until microscopic analyses.

For vGAT or vGLUT immunofluorescence, free-floating sections were
rinsed in 0.1 M TBS, pH 7.5, incubated in 3% normal goat serum (Vector)
to prevent nonspecific binding, and incubated with guinea pig anti-
vGLUT1 (1:5000; Millipore) or rabbit anti-vGAT (1:500, Synaptic Sys-
tems) with 0.5% Tween 20 and stored at 4°C. Three (vGLUT1) or one
day(s) (VGAT) later, sections were rinsed, incubated in goat anti-guinea
pig Alexa 488 (1:500; Invitrogen) to visualize vGLUT1 or goat anti-rabbit
Alexa 488 (1:500; Invitrogen) to visualize vGAT, in the dark for 120 min.
Sections were rinsed and mounted onto suprafrost slides, and cover-
slipped using glycerol in TBS (3:1). Slides were kept in dark at 4°C until
microscopic analyses.

Microscopic data analysis. Slides were coded until completion of the
data analysis. Sections through the hippocampus were designated dorsal
or ventral before analyzing (Banasr et al., 2006). Other hippocampal
regions (CAl and CA3) were designated using the Allen Brain Atlas
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(http://mouse.brain-map.org/). For the dentate gyrus, estimates of the
total number of BrdU, c-fos, and arc-labeled cells in the granule cell layer
were determined using peroxidase stained tissue. For CA1 and CA3 re-
gions, estimates of the total number of c-fos and arc-labeled cells were
determined throughout the pyramidal cell layer. Labeled cells were
counted in one hemisphere and counts were multiplied by 16 to estimate
the number of labeled cells in the entire area.

All BrdU+, PV+, or GAD67+ cells on every eighth section through
the entire dentate gyrus, including the granule cell layer, hilus, and mo-
lecular layer, were examined for colabeling with c-fos or arc with a Zeiss
Axiovert confocal laser-scanning microscope (510 LSM; lasers, argon
458/488, and HeNe 543). Each possible double-labeled cell was scanned
by obtaining optical stacks of 1-um-thick sections and analyzed. To ver-
ify double-labeling, cells were examined in orthogonal planes. For optical
intensity measurements of VGAT and vGLUT, confocal analysis was per-
formed as previously described (Singer et al., 2011). Ten representative 1
um optical slices from the granule cell layer and molecular layer of the
dorsal and ventral dentate gyrus were scanned and measured for optical
intensity from each brain. Raw intensity values were divided by average
intensity measurements from the fornix of each brain to control for
variability in staining intensity between brains.

Statistical analysis. Depending on the number of groups in an experi-
ment, unpaired Student’s t tests, one or two-way ANOVA followed by
Fisher LSD post hoc tests were used. Graphs display mean + SEM.

Results

Running increases the number of new neurons in the dentate
gyrus and decreases anxiety-like behavior

Consistent with previous studies (van Praag et al., 1999; Stranahan et
al., 2006), we found that long-term running (6 weeks) increased
the number of new neurons throughout the dentate gyrus (F, 5oy =
69.61,p = 0.0000001) (Fig. 1 A, B), but notin the subventricular
zone (mean * SEM—Sedentary (Sed): 1703.37 = 137.98;
Runner (Run): 1576.67 = 81.33; F; 5,y = 0.72, p = 0.401). Also
consistent with previous studies showing that running reduces
anxiety without affecting overall locomotion (Duman et al., 2008;
Salam et al., 2009), long-term running (6 weeks) decreased the
amount of time spent in the open arms (mean * SEM—Sed:
73.11 * 8.36; Run: 112,30 * 7.69 F, 1, = 11.94, p = 0.004)
without affecting the number of total arm entries (open +
closed) (mean = SEM—Sed: 9.78 = 0.81; Run: 9.20 * 0.53;
Fi11y) = 0.37,p = 0.552).

Running prevents stress-induced activation of new neurons

in the ventral dentate gyrus

In sedentary mice, exposure to cold water swim stress increased
the percentage of BrdU labeled cells that stained for either c-fos or
arc in the ventral dentate gyrus. No such stress effect was ob-
served in runners (significant interactions: c-fos: F(; o) = 11.48,
p = 0.002; arc: F(; 5oy = 7.61, p = 0.018) (Fig. 1C,D). Neither
sedentary mice nor runners exhibited an increase in the percent-
age of BrdU labeled cells that expressed either immediate early
gene in the dorsal dentate gyrus (p > 0.05).

Running prevents stress-induced activation of hippocampal
granule cells and pyramidal cells

The effects for the overall granule cell population in the ventral
dentate gyrus were similar to those observed for BrdU labeled
granule cells. Exposure to cold water swim stress increased c-fos
and arc expression overall in the granule cell layer of the ventral
dentate gyrus of sedentary mice, but this stress-induced neuronal
activation was prevented in runners (c-fos ventral dentate gyrus:
F(1 59) = 4.80, p = 0.04; arc ventral dentate gyrus: F; ,5, = 7.80,p =
0.009) (Fig. 1 E, F). Likewise, in the CA3 and CA1 fields of the ventral
hippocampus, stress increased c-fos and arc expression in sedentary
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Figure 1. Running increases the number of new granule neurons in the dentate gyrus
but prevents stress-induced increases in IEG expression in new and mature granule cells.
These mice ran or were sedentary for 6 weeks, received BrdU injections from days 2—15 of
the experiment, and were perfused 30 min after cold water swim stress or no stress. 4,
Long-term running increases the number of BrdU-labeled cells in both dorsal and ventral
dentate gyrus of adult mice. B, Photomicrographs of BrdU-labeled cells (arrowheads) in
the dentate gyrus that are more numerous in runner than sedentary mice. ¢, Cold water
swim stress increases the percentage of new neurons (BrdU-labeled cells) that express
c-fos orarcin sedentary, but not runner, mice. D, Confocal images of cells (arrows) labeled
with BrdU (red) and c-fos (green) or arc (green). E, Cold water swim stress increases the
number of granule cells that express c-fos or arc in sedentary but not runner mice. F,
Photomicrographs of c-fos (left) and arc (right) positive cells in the dentate gyrus. Error
bars represent SEM. *p << 0.05 compared with Sed for A; compared with no stress Sed for
C, E. Scale bars:in B, F, 20 wm; in D, 10 m.

mice (mean = SEM—CA3 c-fos: no stress: 424.09 + 128.25; stress:
3918.22 £ 762.38; arc: no stress: 1395.2 & 437.22; stress: 4064.00 =
789.57; CAl c-fos: no stress: 340.95 * 116.18; stress: 3427.56 *
479.21; arc: no stress: 329.6 = 146.52; stress: 1384.89 *+ 244.46) but
not in runners (CA3 c-fos: no stress: 1523.28 * 285.19; stress:
225440 * 662.13; arc no stress: 2571.2 * 645.11; stress: 2747.2 =
618.47; CA1l: c-fos no stress: 996.85 * 237.86; stress: 1729.61 =+
321.07 arc: no stress: 900.8 = 159.93; stress: 1088.45 * 314.62; sig-
nificant interactions: c-fos ventral CA3: F, 59y = 4.44, p = 0.04; c-fos
ventral CAl: F(, ,5) = 9.23, p = 0.005; simple effects: sedentary arc
ventral CA3: F(, 55y = 5.69, p = 0.023; sedentary arc ventral CAl:
Fiy30) = 6.74,p = 0.014).

Running enhances stress-induced activation of inhibitory
interneurons and GABA release

As previously reported, no cells labeled for the interneuron mark-
ers GAD67 or PV were colabeled with arc (Vazdarjanova et al.,
2006; Mainardi et al., 2009). Quantitative analysis of cells double
labeled for interneuron markers and c-fos revealed that a higher
proportion of GAD67- or PV-interneurons expressing c-fos were
observed in the ventral dentate gyrus of runners in response to
cold water swim stress compared with sedentary mice. This dif-
ference was observed for GAD67+ cells throughout the dentate
gyrus (granule cell layer, hilus, and molecular layer) and for PV +
cells in the granule cell layer and hilus (GAD67: granule cell layer:
F118 = 5.91, p = 0.026; hilus: F(; 15y = 5.98, p = 0.025; molec-
ular layer: F, 4 = 7.29, p = 0.015; PV: granule cell layer:
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Figure2. Runners exhibitincreases in hippocampal GABAergic measures in response to

cold water swim stress. These mice ran or were sedentary for 6 weeks, were exposed to
cold water swim, and were either perfused 2 h later forimmunolabeling or subjected to in
vivo microdialysis for measurement of extracellular GABA. 4, Following cold water swim
stress, runners exhibit a greater percentage of GABAergic interneurons (GAD67 or PV
positive) that express c-fos in the ventral dentate gyrus than sedentary mice. B, Confocal
images of c-fos (green) colabeled with GAD67 (red, top) and PV (red, bottom). C, No
differences were detected in the number of GAD67 + or PV+ cells in the dentate gyrus
between runners and sedentary mice. D, Cold water swim stress produces greater extra-
cellular GABA in the ventral dentate gyrus of runners compared with sedentary mice. E,
Runners exhibit greater expression of vGAT, but not VGLUT1, throughout the dentate
gyrus compared with sedentary mice. F, Confocal images of VGAT and VGLUT1 expression
in the dentate gyrus of stressed sedentary and runner mice. Error bars represent SEM.
*p < 0.05. ml, Molecular layer. Scale bars: in B, 10 um; in F, 20 pm.

Fi1 15 = 456, p = 0.047; hilus: F, ;) = 6.941, p = 0.017) (Fig.
2 A, B). There were no significant increases in the proportion of
c-fos+ cells that were PV+ and GAD67+ interneurons in the
granule cell layer (gcl) or hilus between runners and sedentary
mice in the dorsal dentate gyrus (p > 0.05). There were no
changes in the number of PV+ or GAD67+ cells in any location
of the dentate gyrus (p > 0.05) (Fig. 2C).

Cold water swim stress led to an increase in extracellular
GABA in the ventral hippocampus of runners compared with
sedentary mice (significant interaction: Fge; = 4.34, p =
0.0002) (Fig. 2D). Extracellular GABA release was higher in run-
ners at the onset and during stress compared with sedentary mice
(onset: F(, ;) = 10.17, p = 0.015; during: F, ;) = 6.07, p = 0.043).
After stress, extracellular GABA returned to baseline in runners.

Runners had a greater intensity of vGAT staining in the ven-
tral dentate gyrus compared with sedentary mice regardless of
whether they were exposed to cold water stress (unstressed: gran-
ule cell layer: F(, ;) = 15.17, p = 0.001; molecular layer: F, ¢ =
10.79, p = 0.005; stressed: granule cell layer: F(, ;) = 8.41,p =
0.01; molecular layer: F(, 15y = 11.74, p = 0.003) (Fig. 2E,F).
By contrast, long-term running did not affect expression of
vGLUT1, a vesicular glutamate transporter, throughout the den-
tate gyrus (p > 0.05) (Fig. 2E,F).



7774 - ). Neurosci., May 1, 2013 - 33(18):7770-7777

Decreases in anxiety-like behavior in
runners are prevented by GABAA
receptor blockade in the ventral, but
not dorsal, hippocampus

Three weeks of running produced an an-
xiolytic response, i.e., it increased the
amount of time spent in the open arms,
that was similar to 6 weeks of running on
the elevated plus maze—this effect was
blocked by infusion of the GABAA recep-
tor antagonist bicuculline into the ventral
hippocampus (main effect, F,,,,
15.50, p = 0.00006) (Fig. 3A). GABAA re-
ceptor antagonist treatment did not alter
the combined number of entries into
open and closed arms suggesting that
there was no change in overall locomotion
(Fia20) = 0.75, p = 0.484) (Fig. 3B). By
contrast, infusion of bicuculline or vehicle
into the dorsal hippocampus did not alter
the anxiolytic actions of running (main
effect, F(, 1oy = 3.702, p = 0.044, running
and running + dorsal hippocampal bicu-
culline were not significantly different,
p > 0.05) (Fig. 3C) nor did it affect the
overall number of entries into the open
and closed arms (F,,9) = 0.08, p =
0.9247) (Fig. 3D). It should be noted that
although running increased the amount
of time spent in the open arms signifi-
cantly, it had no statistically significant effect on the number of
entries into open arms (p > 0.05). Although both the amount of
time spent in the open arms and the number of open arm entries
are viewed as measures of anxiety-like behavior on the elevated
plus maze, time spent in the open arms has been shown to be
more sensitive to experimental manipulations in several previous
studies and to more often correlate positively with other mea-
sures of anxiety than number of open arm entries (Motevasseli et
al., 2010; Heldt et al., 2012; O’Leary et al., 2013; Pritchard et al.,
2013; Zheng and Rinaman, 2013).

time spentin open arms (sec) >

Figure 3.

Discussion

Our findings indicate that despite the presence of more new neu-
rons in runners, a smaller proportion of these cells were activated
in the ventral dentate gyrus in response to cold water swim stress
compared with sedentary mice. This prevention cannot be ex-
plained by a general blunting effect on the activation of new
neurons by exercise, because studies have shown that runners
have increased seizure-induced expression of immediate early
genes in new neurons compared with controls (Snyder et al.,
2009b). Previous studies have shown that small numbers of new
neurons in the dentate gyrus are activated by engaging in behav-
iors that depend on the hippocampus, including spatial naviga-
tion and learning (Ramirez-Amaya et al., 2006; Kee et al., 2007;
Tashiro et al., 2007; Snyder et al., 2009¢; Epp et al., 2011; Snyder
et al., 2012). Other experiences that generally activate the hip-
pocampus, such as exercise and seizures, have been shown to
activate new neurons as well (Jessberger and Kempermann, 2003;
Snyder et al., 2009a; Clark et al., 2011). Our findings add stress to
the growing list of experiences that can activate new neurons in
the dentate gyrus. As with new neurons, the larger granule cell
population (which includes both mature and immature neurons
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Blockade of GABAA receptors in the ventral hippocampus prevents the anxiolytic response of long-term running.
These mice ran or were sedentary for 3 weeks and were subjected to direct bilateral infusions of the GABAA receptor antagonist
bicuculline or vehicle into the ventral or dorsal hippocampus before testing on the elevated plus maze. 4, Bicuculline in the ventral
hippocampus prevented increased time in open arms of the elevated plus maze in runners. B, No difference was observed in the
number of open + closed arm entries among groups, indicating that overall locomotion was likely unaffected. €, Bicucullinein the
dorsal hippocampus had no effect on time spent in the open arms of the elevated plus maze in runners compared with vehicle
infusion. D, No difference was observed in open + closed arm entries among groups indicating that overall locomotion was likely
unaffected. *p << 0.05 compared with sedentary mice. Error bars represent SEM. Run -+ Bic, Runner mice with bicuculline infusions.
Atlas sections show representative infusion areas in the ventral hippocampus (left) and dorsal hippocampus (right).

with a preponderance of the former) is also activated by cold
water swim stress.

In our experiments, the cold water stress-induced activation
of the overall granule cell population did not occur in runners,
suggesting that the effect is not specific to new cells. Similar find-
ings were obtained in other excitatory neuron populations of the
hippocampus—CA1 and CA3 pyramidal neurons also showed
increased cold water swim stress-induced activation, but only in
sedentary mice. The extent to which these responses can be gen-
eralized to other stressors remains unknown but it is relevant that
multiple stressors, in addition to cold water swim, have been
shown to activate mature granule cells (Sharp et al., 1991; Katano
et al., 1997; Chandramohan et al., 2007, 2008), The significantly
diminished stress-induced activation of new and mature excit-
atory neurons in the ventral hippocampus of runners suggests
that reorganization of this structure may also involve populations
of neurons that serve to dampen excitatory responses.

Parvalbumin-containing interneurons in the dentate gyrus
form axo-somatic and axo-axonic synapses on granule cells
(Houser, 2007) where they produce strong direct inhibition of
granule cells (Blasco-Ibafiez et al., 2000). A single parvalbumin
interneuron has been estimated to make over 11,000 synapses
onto ~2000 granule neurons (Sik et al., 1997). Thus, even small
numbers of parvalbumin interneurons have the potential to
strongly inhibit a large population of dentate gyrus granule cells.
We found that stressed runners have a higher proportion of
parvalbumin-containing interneurons that express c-fos in the
ventral dentate gyrus than stressed controls, with no change in
the overall number of parvalbumin-containing interneurons,
suggesting that these interneurons are activated in greater num-
bers during stress in runners. Because parvalbumin-containing
interneurons are just a subpopulation of interneurons in the
mouse dentate gyrus (Jinno and Kosaka, 2002), GAD67 was used
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as a global marker of interneurons in the dentate gyrus. We also
found that stressed runners had a higher proportion of GAD67-
containing interneurons that express c-fos in the ventral dentate
gyrus, with no change in the overall number of these cells, sug-
gesting that running may affect inhibitory interneurons in addi-
tion to those that contain parvalbumin in the ventral dentate
gyrus. Increased stress-induced activation of dentate gyrus in-
terneurons in runners may explain our observation that run-
ners do not show a stress-induced increase in granule neuron
activation.

Among the inhibitory interneuron subtypes, other than those
that express PV, in the dentate gyrus are those that express vaso-
active intestinal peptide (VIP) and somatostatin (SS) (Houser,
2007; Spruston and McBain, 2007) as well as the ivy/neuroglia-
form cells (Armstrong et al., 2011; Markwardt et al., 2011). Since
VIP- and SS-containing cells are known to inhibit granule cells
(Hajos et al., 1996; Tallent, 2007), they are possible additional
candidates for involvement in the altered stress effects we ob-
served in the current study. Ivy/neurogliaform cells, however, are
unlikely to play such a role because they innervate immature
granule cells where they produce excitatory responses as well as
interneurons which inhibit granule cells (Armstrong et al., 2011;
Markwardt et al., 2011). Thus, if this population showed in-
creased activation in response to stress in runners, it would most
likely produce activation of both the immature granule cells,
through direct depolarization, and mature granule cells, through
disinhibition (Markwardt et al., 2011). This is contrary to the
pattern of results we observed. Clearly, identifying interneuron
subtypes in addition to those containing PV, which are in-
volved in mediating stress-induced inhibition of granule cells
in runners, will require additional investigation, as will deter-
mining the influence of individual interneuron subtypes on
running-induced changes in hippocampal function, such as
anxiety regulation.

It is interesting to note that GABAergic interneurons, as well
as the neuropeptides they release, have been implicated in the
process of adult neurogenesis (Ge et al., 2007; Zaben et al., 2009;
Song et al, 2012). These findings raise the possibility that
running-induced changes in cell proliferation, neuronal differen-
tiation, and cell survival (van Praag et al., 1999; Stranahan et al.,
2006; Snyder et al., 2009) are also mediated by inhibitory in-
terneurons. Together, these findings suggest that running may
reorganize the dentate gyrus by first influencing GABAergic sig-
naling, which in turn alters the production of new neurons and
their integration into the existing circuitry.

We also found further evidence that runners have augmented
inhibitory signaling by increased expression of vVGAT, the presyn-
aptic vesicular transporter of GABA, in the ventral dentate gyrus.
This is not simply an effect of acute stress, as the increase in
runners is apparent in nonstressed mice as well. vVGAT levels have
been shown to correlate with GABA release in the hippocampus
during seizures (Kang et al., 2003). By contrast, there was no
effect of running on vGLUT]1, the presynaptic transporter of glu-
tamate, suggesting that running does not change at least one
measure of glutamatergic transmission in the dentate gyrus, but
instead may alter excitatory signaling through changes in
GABAergic transmission. In addition to elevated vGAT levels and
increased stress-induced c-fos expression in inhibitory interneu-
rons in runners, our results further showed that runners exhibit a
greater release of GABA in the ventral hippocampus during stress
than sedentary mice. Together with our other findings regarding
GABAergic indices in runners, increased GABA release during
stress in runners may explain the prevention of a stress-induced
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increase in activation of excitatory neurons in the ventral
hippocampus.

Our results further suggest that the anxiolytic actions of run-
ning were reversed by injections of the GABAA receptor antago-
nist bicuculline directly into the ventral, but not dorsal,
hippocampus. Previous studies have shown that injections of bi-
cuculline into the ventral hippocampus increase anxiety-like be-
havior in controls as well as reverse the anxiolytic action of
GABAA receptor agonists (Rezvanfard et al., 2009). Thus, even
though we were not able to confirm this given the high incidence
of bicuculline-induced seizures in our sedentary mice (see Mate-
rials and Methods), we cannot determine with certainty that we
have not merely manipulated receptors that are not specific to the
running effect, but that would always be capable of modulating
anxious behavior. Our data are, however, consistent with the
possibility that increased GABAergic signaling in runners may
not only prevent stress-induced activation of excitatory neurons
in the hippocampus but may also underlie the anxiolytic actions
of running.

It should be noted that while many studies have shown that
running reduces anxiety (Duman et al., 2008; Salam et al., 2009;
Trejo et al., 2008, present report) in mice, some recent studies
have shown that running can increase anxiety (Fuss et al.,
2010a,b). These differences may be due to housing conditions—
the mice in the studies where running increased anxiety were
housed individually while those in the present study were housed
in groups. Some evidence suggests that under conditions of run-
ning increasing anxiety, new neurons contribute to this effect
(Fuss etal., 2010b). These findings raise the possibility that group
housing may be necessary for the anxiolytic effects of running by
facilitating reorganization that leads to an enhanced GABAergic
response to stress.

Our results resolve the seemingly contradictory findings that
running can decrease anxiety while increasing the number of new
excitatory neurons and excitatory connections in the ventral hip-
pocampus, a potentially anxiogenic region (Adhikari et al., 2010,
2011; Fanselow and Dong, 2010). By increasing GABAergic inhi-
bition in the hippocampus in response to stress, running may
serve to calm excitatory circuitry that might otherwise produce
an overly anxious state. These findings suggest that the hip-
pocampus of runners may be fine-tuned to respond to different
environments optimally (Glasper et al., 2012). That is, socially
housed runners may activate their greater numbers of new neu-
rons to enhance cognition under low stress conditions and si-
lence these cells through local GABAergic mechanisms to reduce
anxiety under high stress conditions. Whether new neurons play
some role in dampening stress responses in runners or whether
their silence signals no involvement under high stress conditions
remains to be determined.
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